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The present study aimed to conduct a simultaneous optimization of different carrier agents and temper-
atures for the production of jaboticaba extracts by spray-drying microencapsulation. The 30% maltodex-
trin (control), 25% arabic gum + 5% maltodextrin and 25% Capsul™ + 5% maltodextrin carriers were used
at air-drying inlet temperatures of 140, 160 and 180 C. The following responses were evaluated: antho-
cyanin retention (AR), moisture content (MC), total solids (TS), hygroscopicity (H), overall color difference
and antioxidant activity. Scanning electron microscopy (SEM) analysis was also performed. The AR,MC, H
and overall color difference parameters were selected for simultaneous optimization by the desirability
approach. The results showed that the highest desirability (0.7–0.8) was achieved when 30% maltodex-
trin was used at 180 C. According to the SEM analysis, the use of maltodextrin and gum arabic allowed
for the formation of more homogeneous particles, which is recommended in spray-drying
microencapsulation.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Anthocyanins are chemically classiﬁed as ﬂavonoids, and they
form a group of pigments responsible for most of the red to pur-
ple colors of ﬂowers, fruits, leaves, stems and roots of plants
(Castañeda-Ovando et al., 2009). One of the most important fea-
tures of these pigments is their antioxidant activity, which has a
key role in the prevention of cardiovascular diseases, neurological
diseases, cancer and diabetes (Konczak and Zhang, 2004). The
natural anthocyanin dye is commercially used in candy, bakery
products, juice powders and gelatins, and it is generally used in
food with lower pH values (pH values up to 3.5) because it has
greater stability in acidic conditions (Barros and Stringheta, 2006).
Jaboticaba is a rich source of anthocyanins, but it is still poorly
studied despite the large consumption of jaboticaba fruit by the
Brazilian population. Pigments are concentrated in its skin, which
is a fruit waste with potential use in the industrial production of
dyes. The jaboticaba tree (Myrciaria cauliﬂora and Myrciaria jaboti-
caba [Myrtaceae]) is a shrub native to the State of Minas Gerais inrtment of Food Engineering,
legre, Espírito Santo, Brazil.
br (P.I. Silva), pstringheta@
(R.F. Teóﬁlo), isareboucas@
lsevier OA license.Southeastern Brazil. Jaboticaba fruit is purple in color when ma-
ture, and the skin is rich in anthocyanins (cyanidin-3-glucoside)
(Einbond et al., 2004; Reynertson et al., 2006), tannins, phenolic
acids (ellagic acid) and ﬂavonoids (rutin and quercetin) (Einbond
et al., 2004; Reynertson et al., 2006, 2008).
Studies on tropical fruit extracts have been attracting the inter-
est of researchers for the diversity and quantity of compounds
present as well as for the growing interest of industries in the
search for extracts from sources that are rich in bioactive com-
pounds with proven antioxidant activity. Jaboticaba fruit is poorly
studied regarding its phytochemical aspects, ways to obtain its bio-
active compounds (particularly anthocyanins) and its application
in food systems. Extracts originating from fruits are typically ap-
plied in the form of liquid or microencapsulated powder.
Spray-drying microencapsulation technology is used in the food
industry with the purpose of protecting ingredients that are sensi-
tive to light, oxygen and free radical degradation. With this tech-
nique, a wall material protects the bioactive compounds (Ahmed
et al., 2010; Bakowska-Barczak and Kolodziejczyk, 2011; Barros
and Stringheta, 2006). Numerous wall materials or encapsulating
agents are available for use in food. The ideal encapsulant should
have ﬁlm-forming properties, have emulsifying properties, be bio-
degradable, be resistant to the gastrointestinal tract, have low vis-
cosity at high solids contents, exhibit low hygroscopicity and have
a low cost (Barros and Stringheta, 2006). However, it is unlikely
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ties. Therefore, a mixture of two or more components is often used
(Barros and Stringheta, 2006; Silva et al., 2010).
Gum arabic, modiﬁed starches and hydrolyzed starches are the
most commonly used encapsulating agents in spray-drying tech-
niques (Shahidi and Han, 1993). Maltodextrins are the most com-
mon of these agents. Maltodextrins are obtained from the acid
hydrolysis of corn starch, and they exhibit high water solubility
and low viscosity (even at high concentrations of solids) forming
colorless solutions (Bakowska-Barczak and Kolodziejczyk, 2011).
Maltodextrins with degrees of dextrose equivalence (DE) between
10 and 20 are widely used in the encapsulation of anthocyanins
and phenolic acids (Ahmed et al., 2010; Ersus and Yurdagel,
2007; Silva et al., 2010; Tonon et al., 2008, 2010). In addition to
the polysaccharide chain, gum arabic has a protein fraction, which
gives it a certain emulsifying activity. Gum arabic can be used
alone or combined with other encapsulants in the production of
powder from pigment extracts (Barros and Stringheta, 2006;
Pitalua et al., 2010; Silva et al., 2010). A possible encapsulating
agent for pigment protection is Capsul™. Capsul™ is a starch
chemically altered by the incorporation of a lipophilic component
(octenyl succinate), which promotes good volatile retention and
excellent stability and ability to emulsify (Aburto et al., 1998).
Capsul™ has been used for protecting sensitive agents with orange
essential oil (Aburto et al., 1998) and ascorbic acid (Finotelli and
Rocha-Leão, 2005). However, there are no available reports regard-
ing their use as pigment encapsulants.
Some parameters need to be optimized for obtaining powders
with desirable characteristics through spray-drying microencapsu-
lation. However, ﬁnding a condition of compromise among the re-
sponses (dependent variables) that provide the desirable powder
requires statistical methodologies that handle multiple responses
simultaneously. The goal is to obtain the best balance between
the various responses. One function that optimizes various
responses simultaneously is desirability as proposed by Derringer
and Suich (1980). The desirability function performs the simulta-
neous optimization of multiple responses of a process suggesting
levels of independent variables that provide the desirable re-
sponses for the product or process. This methodology simpliﬁes
the experimental analysis by converting a multiple response opti-
mization problem into a single response that is easier to interpret
(Derringer and Suich, 1980; Islam et al., 2009).
The desirability function has been successfully used in several
areas, such as in the optimization of bioactive compound extrac-
tion from Gardenia jasminoides fruits (Yang et al., 2009), the re-
moval of pesticides from aqueous solutions (Islam et al., 2009),
and the treatment of brewery waste (Shi et al., 2010).
In this context, the aim of the present study was to optimize the
effect of different microencapsulation parameters to obtain pow-
ders of jaboticaba pigments produced by spray drying with desir-
able characteristics for all of the investigated responses. For this
purpose, the effect of different encapsulating agents (maltodextrin,
arabic gum and Capsul™) and drying temperatures were investi-
gated to obtain powders with high anthocyanin retention, better
physical–chemical characteristics and minimal color loss.
2. Material and methods
2.1. Material
The jaboticaba fruits (Myrciaria jaboticaba) were collected from
the Experimental Field of Fruit Crops at the Federal University of
Viçosa during the 2009 harvest. The fruits were shelled, and the
skins were dried on a tray dryer at 65 C for approximately 8 h.
After drying, the skins were stored in a freezer (18 ± 2 C) until
the analyses.2.2. Methods
2.2.1. Preparation of concentrated jaboticaba extracts
Approximately 20 g of dehydrated jaboticaba peels were
weighed, crushed and macerated with 70% ethanol acidiﬁed (pH
2.0) with hydrochloric acid. Pigment extraction was performed
for 24 h under refrigeration (8 ± 2 C). The extract was then ﬁltered
and placed in a rotary evaporator for vacuum concentration at a
maximum temperature of 40 C with the purpose of removing
the ethanol from the system.
Approximately 15 batches of extractions were performed to
produce the volume of concentrated extract required for the exper-
iment. After the concentrated extracts were produced, the extracts
were combined and stored in a single container under refrigeration
until the analyses.
2.2.2. Carrier agents
The following carrier agents were used: 10 DE maltodextrin
(Corn Products, Brazil), gum arabic (Vetec, Brazil) and the modiﬁed
starch Capsul™ (National Starch, USA).
Carrier agent solutions were prepared in a ﬁnal concentration of
30% (w/v) prior to the addition of the jaboticaba extracts. The fol-
lowing carrier agent solutions were assessed: (i) 30% maltodextrin
(control) (MD); (ii) a mixture of 25% gum arabic with 5% maltodex-
trin (GA/MD); and (iii) a mixture of 25% Capsul™ with 5% malto-
dextrin (CP/MD).
2.2.3. Microcapsule preparation
The concentrated extracts obtained in Section 2.2.1 were added
to the carrier agents prepared according to Section 2.2.2 with one
part of concentrated extract to three parts of carrier solution (v/v).
The resulting mixtures were homogenized in a magnetic stirrer,
maintained at 30 C and subjected to spray drying.
The powders were obtained using a B-191 Buchi Mini Spray
Dryer (Flawil, Switzerland) operating with countercurrent airﬂow.
The inlet temperatures (IT) under assessment for each carrier agent
were 140, 160 and 180 C. The outlet temperatures (OT) varied
according to the inlet temperatures. The equipment was used with
a vacuum of 20 mBar and aspiration of 28 m3 h1 in all experi-
ments. The feed ﬂow rate of the extracts was 360 mL h1, which
was equivalent to 20% of the equipment’s full pumping capacity.
The powders obtained were packed in polyethylene bags con-
taining a laminated layer, and the packaging was stored in the
dark. All experiments were performed using two repetitions total-
ing 18 assays.
2.2.4. Quantitative analyses
2.2.4.1. Total anthocyanin content and percentage retention. The total
anthocyanin (TA) contents of the concentrated extracts and pow-
ders were quantiﬁed by the spectrophotometric method proposed
by Francis (1982). The total amount of anthocyanin was deter-
mined with the help of a Shimadzu spectrophotometer (model
1601PC, Kyoto, Japan) using the molar absorption coefﬁcient of
98.2, which refers to the absorption at 535 nm of a mixture of cran-
berry anthocyanin in acidiﬁed ethanol measured in a 1 cm cuvette
at a concentration of 1% (w/v). The values were calculated on a dry
basis.
Preparation of the powder samples for the determination of
anthocyanin content involved the weighing of 0.5 g of powder
and its dilution in 8.0 mL of acidiﬁed water. Once the powders
were completely dissolved, aliquots were conveniently diluted
for analysis and were transferred into ﬂasks containing a solution
of ethanol and 1.5 mol L1 HCl (85:15, v/v). The samples were then
centrifuged in an Eppendorf centrifuge (model 5804R, Hamburg,
Germany) at 25 C for 10 min at a relative centrifugal force of
4868g prior to the spectrophotometric reading.
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drying condition, the total amount of anthocyanin in the extract
prior to atomization was determined in mg.100 g1 of dry mass,
and this value was compared to the anthocyanin content obtained
from each produced powder according to Tonon et al. (2008).
2.2.4.2. Moisture, total solids and soluble solids contents. Moisture
content (MC) analyses were conducted on the extract before dehy-
dration and on the produced powders according to the Analytical
Standards of the Instituto Adolfo Lutz (1985) in an oven at 70 C
and vacuum (6100 mm Hg) for 6 h. Total solids (TS) content was
determined by the difference. The total amount of soluble solids
(Brix) was obtained for the extracts before atomization by direct
reading in a Leica refractometer (model AR 200, New York, USA).
The responses forMC and TS content are complementary. There-
fore, only theMC values of the samples were considered in the sta-
tistical analyses.
2.2.4.3. Hygroscopicity. The hygroscopicity (H) of the powdered
samples was determined according to Cai and Corke (2000) and
Tonon et al. (2008) with modiﬁcations. Samples from each powder
were stored at room temperature in desiccators containing satu-
rated sodium chloride (NaCl) solutions (75% relative humidity;
Aw = 0.75). The samples were weighed after one week, and the H
was expressed in grams of absorbed moisture per 100 g of dry
solids.
2.2.4.4. Analysis of color reconstitution. The color analyses were per-
formed by direct reading of the reﬂectance of the rectangular coor-
dinate system (L⁄, brightness; a⁄, intensity of red and green; and b⁄,
intensity of yellow and blue) by applying the CIELAB color scale
with illuminant D65 and an observation angle of 10 using a Hunter
Lab colorimeter (model Colorquest XE, Reston, USA).
Color loss resulting from the drying process was calculated by
Eq. (1), as follows (Santipanichwong and Suphantharika, 2007):
DE ¼ ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2
h i1=2
ð1Þ
where DE is the overall color difference; DL is the variation of the L⁄
coordinate; Da is the variation of the a⁄ coordinate; and Db is the
variation of the b⁄ coordinate.
For this measurement, extract samples were collected prior to
carrier addition and diluted with water in a 1:3 ratio. Readings
were performed in duplicates. After drying, the powders were
reconstituted with water to the initial condition of entry into the
spray dryer according to the soluble solids contents of the extract,
and the corresponding readings for L⁄, a⁄ and b⁄ were obtained.
2.2.4.5. Antioxidant activity. The antioxidant activity (AA) was
determined for the extracts and powders using the 2, 2-azino-
bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) method. For
the formation of the ABTS+ radical, a 7 mM ABTS aqueous solution
was added to a 2.45 mM potassium persulfate solution. This mix-
ture was kept in the dark at room temperature for 16 h. The absor-
bance was then corrected to 0.70 (±0.02) at 734 nm with the
addition of 80% ethanol (Re et al., 1999) in a spectrophotometer.
A 0.5 mL aliquot of each extract was added to the 3.5 mL ABTS+
radical solution, and a spectrophotometric reading was performed
after 6 min of reaction. Trolox was used as a standard, and the re-
sults were expressed as Trolox equivalent (mM Trolox g1).
The preparation of powdered samples prior to the analysis fol-
lowed the procedure described in Section 2.2.4.1.
2.2.5. Scanning electron microscopy
The size and morphology of the microcapsules produced with
the different encapsulating agents at a temperature of 180 C wereevaluated by scanning electron microscopy (SEM) according to the
modiﬁed methodology described by Shu et al. (2006). Small
amounts of sample were placed on the surface of a double-sided
tape ﬁxed to stubs. The samples were then coated with a thin layer
of gold under vacuum with the help of a Balzers sputter coater
(model FDU-010). A LEO scanning electron microscope (model
1430 VP, Cambridge, UK) was used for the observation. Samples
were systematically observed at 1000, 3000, 5000, 7000
and 10,000 magniﬁcation.2.2.6. Statistical analysis
2.2.6.1. Experimental design. A factorial analysis of variance (ANO-
VA) with two variables, three levels for each variable and dupli-
cates was used in the present study. The different levels of the
variables were encoded by numbers (1–3) for performing the cal-
culations and surface generations. Table 1 shows the studied vari-
ables and levels.2.2.6.2. Analysis of optimization by the desirability function approach.
The desirability function is a statistical technique that is useful for
determining the levels of independent variables that allow for the
simultaneous optimization of the study’s response variables
(dependent), thereby transforming the response variables into a
single measure (Derringer and Suich, 1980; Islam et al., 2009).
The procedure adopted for the desirability function involved the
following two steps: (i) ﬁnding the levels of the independent vari-
ables that simultaneously produced the most desirable responses
in the dependent variables and (ii) having the most desirable re-
sponses for each dependent variable to obtain the overall desirabil-
ity considering all of the dependent variables.
The desirability function transformed each estimated response
of y^i calculated by the model adjustment associated with the facto-
rial ANOVA into a desirable value (di) using the following
equations:
di ¼




yimin < y^i < yimax; for i ¼ 1;2; ::::; k




where the yimin and yimax values are the minimum and maximum
acceptable values of y^i, respectively. The di values vary within the
interval of 0 6 di 6 1 increasing when the desirability of the corre-
sponding response increases (maximization) or decreasing when
the desirability of the corresponding response decreases (minimiza-
tion). Thus, the minimization of y^i is equivalent to the maximization
of y^i.
The individual desirabilities were then combined using the fol-
lowing geometric mean (Eq. (3)), which provided the overall desir-
ability (D):
D ¼ ðd1  d2      dkÞ1=k ð3Þ
The value of D is a response commitment given that its value
contains information on the responses that one desires to mini-
mize or maximize. Overall desirability was used as a response,
and the factorial ANOVA was then applied to this response.
Four responses had to be optimized in the present study to pro-
vide a powder with desirable properties. The responses were as fol-
lows: (1) AR, (2) overall color difference, (3) H and (4) MC.
Quadratic models were adjusted to the data for each response in
the study prior to the simultaneous optimization.
The simultaneous optimization determined whether a response
should be maximized or minimized according to the desirable
characteristics of the powder. Different maximization and minimi-
zation parameters were subsequently considered according to
Table 1
Variables and levels studied.
Variable Levels
1 2 3
Carrier agent 30% Maltodextrin (MD) 25% Arabic gum 25% + 5% Maltodextrin (GA/MD) 25% Capsul™ 25% + 5% Maltodextrin 5% (CP/MD)
Inlet temperature 140 C 160 C 180 C
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were achieved using Eq. (2):
 Maximization:
di = 0 if the response was smaller than the minimum value
0 6 di 6 1 if the response varied between the minimum and
maximum values
di = 1 if the response was greater than the maximum value
 Minimization:
di = 1 if the response was smaller than the minimum value
1 6 di 6 0 if the response varied between the minimum and
maximum values
di = 0 if the response was greater than the maximum value
In the present study, the AR response was maximized, and the
remaining responses were minimized because the goal was to
produce a powder with high anthocyanin content, color most
similar to its original extract, low MC and low H to facilitate its
conservation.
3. Results and discussion
3.1. Characterization of the extracts before drying
The extracts added to the MD, GA/MD and CP/MD solutions
immediately before drying exhibited mean values of 60.57 mg
100 g1 of TA, 82.59% of MC, 17.41% of TS and 20 Brix. The colori-
metric characterization obtained the following values: L⁄ = 34.83,
a⁄ = 30.30 and b⁄ = 12.50 for MD; L⁄ = 30.95, a⁄ = 17.56 and
b⁄ = 5.65 for GA/MD; and L⁄ = 31.25, a⁄ = 16.41 and b⁄ = 4.25 for
CP/MD. The antioxidant activity in the extracts prior to incorpora-
tion of the carrier agent was 16.44 mM Trolox equivalent.
3.2. Individual quantitative analyses
The effect of different mixtures of carrier agents under different
temperatures on the microencapsulation of jaboticaba anthocya-
nins was assessed. Table 2 shows the data obtained from assays
conducted with each evaluated carrier and temperature.Table 2
Effect of the carrier agents at different inlet temperatures on the production of jaboticaba
Responses MD GA/MD
140 C 160 C 180 C 140 C 1
OT 56 64 89 48 5
DE 4.60 ± 0.81 3.80 ± 0.34 3.81 ± 0.25 12.16 ± 0.47
AR 83.21 ± 2.64 99.02 ± 1.17 86.63 ± 2.82 95.32 ± 4.18 1
AA 8.65 ± 0.98 9.73 ± 1.40 9.03 ± 1.79 9.73 ± 1.19
H 14.81 ± 0.73 13.85 ± 0.01 13.98 ± 0.60 17.75 ± 0.30
MC 5.31 ± 0.19 4.84 ± 1.19 2.11 ± 0.12 5.45 ± 1.68
TS 94.70 ± 0.19 95.16 ± 1.19 97.90 ± 0.12 94.55 ± 1.68
Results are showed as mean ± standard deviation.
OT: outlet temperature (C); DE: overall difference of color; AR: anthocyanins retention (%
moisture content (%); TS: total solids (%).The outlet air temperature varied according to the inlet air tem-
perature. Generally, the higher the inlet temperature, the higher
the temperature of the outlet air and of the output product. It
was observed that, by maintaining constant feed ﬂow rate and
varying the inlet temperature of the spray dryer, the outlet temper-
ature varied. When inlet temperature was 180 C, outlet tempera-
tures ranged from 77 to 89 C. It was noted that depending on the
amplitude, the outlet temperature was a variable that may inﬂu-
ence the ﬁnal product characteristics. In order to verify the effect
of outlet temperature on the product characteristics it may be var-
ied the feed ﬂow rate for each evaluated inlet temperature. How-
ever, when high feed ﬂow rate is used, associated with low inlet
temperature, the product may not reach appropriate drying, which
may cause agglomeration, besides dripping in the drying chamber.
The ﬂow rate of 360 mL h1, which was chosen in this paper, was
based on our previous studies in which three different ﬂow rates
(180, 360 and 540 mL h1) were evaluated. In these studies, the
best powders features concerning anthocyanin retention, moisture
and hygroscopicity were achieved when the ﬂow rate of
360 mL h1 was used. Therefore, from a constant ﬂow rate, it was
decided to evaluate the effect of inlet air temperature and carrier
agent, despite the relevance of the outlet temperature on the ﬁnal
product characteristics.
Fig. 1 shows the marginal means of AR, overall color difference,
H and MC obtained for the different carrier agents at various tem-
peratures. The data in Table 2 were subjected to ANOVA, and the
results for the overall color difference and AR are shown in
Table 3. Regarding the overall color difference, the ANOVA showed
signiﬁcant effects of the encapsulating matrix (carrier), inlet tem-
perature and interaction between both factors (p < 0.05). Given
the presence of a signiﬁcant interaction, it could be veriﬁed that
the matrix and temperature did not act separately.
Fig. 1 shows that the use of the GA/MD and CP/MD carriers re-
sulted in powders with high DE values. The GA/MD encapsulant
produced the powder with the highest DE value. Low values of DE
are highly desirable for the overall color difference because they
indicate that the powdered pigment maintains the color of the ex-
tract from which it originated after reconstitution. Similar to what
was found in the present study, Silva et al. (2010) veriﬁed that
jaboticaba extracts microencapsulated with 30% arabic gum have
lower values for color saturation (C⁄) and hue angle (h) when com-
pared to the C⁄ and h parameters of extracts produced with 30%extracts powders.
CP/MD
60 C 180 C 140 C 160 C 180 C
6 77 58 66 79
14.28 ± 0.43 12.15 ± 0.00 9.44 ± 1.40 12.99 ± 1.73 10.42 ± 0.38
00.23 ± 0.93 83.04 ± 0.74 82.60 ± 1.84 79.92 ± 1.50 80.11 ± 0.96
9.80 ± 2.33 6.52 ± 0.49 8.10 ± 1.31 8.21 ± 0.86 7.37 ± 0.15
17.55 ± 0.83 17.96 ± 0.04 13.29 ± 0.29 13.70 ± 0.07 12.75 ± 0.21
6.76 ± 0.34 3.33 ± 0.48 4.46 ± 0.64 5.33 ± 0.07 5.66 ± 1.26
93.24 ± 0.34 96.67 ± 0.48 95.55 ± 0.64 94.67 ± 0.07 94.34 ± 1.26
); AA: antioxidant activity (mM Trolox g1); H: hygroscopicity (g H2O.100 g1);MC:
Fig. 1. Means of overall color difference, anthocyanin retention, hygroscopicity and moisture content obtained for the different carrier agents at various temperatures.
Table 3
ANOVA of overall difference of color (DE), anthocyanins retention (AR), moisture content (MC) and hygroscopicity: effect of carrier agents, temperature and interactions.
DE AR(%) MC(%) H (gH20.100 g1)
Source SS df Ms FF p SS df Ms F p SS df Ms FF p SS df Ms F p
Carrier 256.43 22 1128.21 1182.77a 00.0000 461.35 22 230.68 49.69a 0.0000 4.68 2 2.34 3.17 0.0909 67.58 2 33.79 168.29a 0.0000
Temperature 10.20 22 5.10 7.27a 0.0132 292.98 22 146.49 31.56a 0.0001 11.99 2 5.99 8.12a .0097 0.46 2 1.15 0.3596
Interaction 10.17 44 2.54 3.63a 0.0502 306.32 44 76.58 16.50a 0.0004 13.51 4 3.38 4.57a 0.0273 1.69 2.10 0.1628
Error 6.31 99 0.70 41.78 99 4.64 6.64 9 0.74 1.81
Total 283.11 117 1102.43 117 36.81 17 71.54
a Signiﬁcant (p < 0.05).
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when using arabic gum.
An overall color difference of 0–1.5 can be considered small,
which indicates that the sample is almost identical to the original
by visual observation. When the DE value is located within the
range of 1.5–5, the color difference can already be distinguished,
and this difference becomes evident when the DE value is greater
than 5 (Obón et al., 2009).
Table 2 shows that AR was high in all of the experimental con-
ditions with values above 80%, which is important in terms of
industrial production of the pigment given that the jaboticaba ex-
tract proves to be a stable source of anthocyanins. Retention was
high even when the outlet temperatures were high, which indi-
cated that the anthocyanins present resisted heat in some way.
Similar results were found by Tonon et al. (2008), who obtained
ARs of approximately 77–86% from açaí juice subjected to spray
drying.
According to Table 3, there is a signiﬁcant effect of the carrier,
temperature and interaction between the two independent vari-
ables on the AR. According to Fig. 1, the AR was higher for the
MD and GA/MD carriers at a temperature of 160 C. Tonon et al.
(2010) found that powders produced with maltodextrin and arabic
gum do not differ with respect to anthocyanin content and antiox-
idant activity. However, when studying the microencapsulation of
grape anthocyanins using 20DE maltodextrin and gum arabic as
encapsulating agents, Valduga et al. (2008) found higher AR with
the use of maltodextrin.Conversely, the lowest pigment retention was obtained with
the CP/MD carrier at a temperature of 160 C. Unlike the results
of the present study, Finotelli and Rocha-Leão (2005) found that
the retention of ascorbic acid subjected to microencapsulation
with Capsul™ is 100%. When assessing the stability of ascorbic acid
encapsulated with CP/MD, the abovementioned authors recom-
mended the use of Capsul™ for the microencapsulation of food
products in general.
Regarding the response variable AA, Table 2 shows a narrow
range of values for all of the experimental conditions. The ANOVA
of this response showed that none of the variables were signiﬁcant
for describing the antioxidant activity (p > 0.05) of the powders
(data not shown). Thus, under the conditions of the present study,
the antioxidant activity of the powders randomly varied with the
different drying conditions.
An effect of drying air temperature and the interaction between
temperature and carrier on moisture content (p < 0.05) is noted in
Table 3. Higher inlet temperatures result in higher temperature
gradients formed between the liquid and drying air, thus resulting
in powders with lower MC (Tonon et al., 2008).
Only the carrier agents presented an effect on the H response
(p < 0.05) (Table 3). The carriers differ in their chemical structures,
and the interactions of each of carrier with environmental humid-
ity varied.
Fig. 1 shows that GA/MD was the matrix that generated the
most hygroscopic powders. Conversely, CP/MD generated powders
with the lowest H, which may have been due to the incorporation
P.I. Silva et al. / Journal of Food Engineering 117 (2013) 538–544 543of a lipophilic component (octenyl succinate) in its structure
(Aburto et al., 1998). Powders with lower H are desirable in terms
of conservation as they absorb less humidity from the environ-
ment. The ideal carrier agent would be poorly hygroscopic allow-
ing the pigment to be protected from environmental humidity.
Environmental humidity may cause subsequent solubilization,
softening of the microcapsule and the consequent contact of the
pigment with atmospheric air and free radicals, thereby causing
it to decay. In the present study, the powders with lowerMC values
were obtained at a temperature of 180 C.
3.3. Simultaneous optimization by the desirability function
The responses assessed in the present study (DE, MC, H and AR)
were adjusted to models. The models were statistically validated,
and all of them were signiﬁcant (p < 0.05). The R2 values adjusted
to the DE, H and AR responses were 0.96, 0.95 and 0.93, respec-
tively. The variable with the lowest adjustment was moisture con-
tent (R2 = 0.66) although it was still signiﬁcant.
The aim was to identify the ideal conditions for the production
of powdered jaboticaba pigments that exhibited high pigment
retention in relation to the extract before drying and that exhibited
more similar color coordinates to the original extract at the same
time. Furthermore, these powders should contain the lowest MC
without being hygroscopic, thus facilitating its conservation and
pigment preservation. The desirability function was used for the
simultaneous optimization of the AR, DE, MC and H responses.
To meet the requirements mentioned above, the AR response
was maximized, and the remaining responses were minimized as
described in Section 2.2.6.2.
Once the overall desirability was obtained, factorial ANOVA was
applied to this response, and the result is shown in Fig. 2.
According to the caption in Fig. 2, the desirability function var-
ied between zero and one. The responses were simultaneously
optimized, and the region that allowed for the highest desirability
(0.7–0.8) occurred when using the 30% MD carrier (encoded by le-
vel 1) at an inlet drying air temperature of 180 C (encoded by level
3). Tonon et al. (2010) found that the particles produced when
using MD are more stable over time, thus demonstrating that this
is the encapsulating agent that offers the greatest protection to the
pigment and is an advantageous encapsulant for use in açaí juice
powder.
Maltodextrin is an encapsulating agent already widely used in
the food industry. Maltodextrin has the advantage of being costFig. 2. Contour plot for overall desirability. Carrier agent: MD (1), GA/MD (2) and
CP/MD (3); Temperature: 140 C (1), 160 C (2) and 180 C (3).efﬁcient, highly soluble and poorly hygroscopic (Saénz et al.,
2009) compared to the other agents used in the present study,
thereby demonstrating the feasibility and greater ease of the
microencapsulation of jaboticaba pigments with this carrier agent.
Possible applications for powdered jaboticaba pigments produced
with 30% maltodextrin at 180 C would be colorants in food and
beverages as a part of functional food formulation.
The optimum temperature to obtain powders with high pig-
ment retention, less color difference, lower MC and lower H was
180 C, which disagreed with observations reported by Ersus and
Yurdagel (2007), who found that inlet temperatures of drying air
between 160 and 180 C lead to loss in black carrot anthocyanins
produced by spray drying. In accordance with the present study,
Andrade and Flores (2004) veriﬁed that the temperature of
190 C is the best inlet temperature of drying air for the production
of Hibiscus sabdariffa powdered pigments with improved color
characteristics.
3.4. Scanning electron microscopy
The analysis of the surface of powder particles obtained with
different encapsulating agents was performed using SEM allowing
three-dimensional characteristics to be visualized. Fig. 3 shows the
photomicrographs of the powders obtained with the inlet temper-
ature of 180 C using the MD, GA/MD and CP/MD carrier agents.
Fig. 3 shows that maltodextrin was the encapsulating agent that
enabled the formation of more homogeneous capsules. Moreover,
the spheres had less wrinkles on their surfaces, particularly atFig. 3. Photomicrograhs of the powders from jaboticaba extracts, formulated with
different carrier agents at 180 C. Magniﬁcation of 3000 (left) and 10,000 (right).
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showed similar structures to those obtained with MD with few
wrinkles and smooth surfaces. Particles obtained with the CP/MD
encapsulant, however, exhibited irregular surfaces of angular
shapes with several indentations. The formation of these indenta-
tions on the surface of particles obtained by spray drying is usually
attributed to particle shrinkage due to the drastic loss of moisture
followed by cooling (Saénz et al., 2009; Tonon, 2009).
The adherence of small particles to the surface of larger parti-
cles was also observed in the treatments with MD and GA/MD,
which has also been noted by Cano-Chauca et al. (2005), and to a
lesser extent in the treatment with CP/MD. Regarding the average
size of the particles, Fig. 3 shows that CP/MD enabled the formation
of the smallest particles when compared to the other encapsulants.
According to Barros and Stringheta (2006), more intact and reg-
ular microsphere walls result in a microencapsulation process that
is more perfect. Thus, CP/MD was the least effective encapsulating
agent in the microstructural analysis, and MD and GA/MDwere the
most efﬁcient encapsulating agents. The results for these matrices
were veriﬁed in all of the observed magniﬁcations (micrographs
not shown). According to Tonon (2009), particles with rough sur-
faces can have problems in their ﬂow properties, and this becomes
easier with fewer depressions on the microsphere. Moreover,
according to the abovementioned author, particles with rough sur-
faces have larger contact areas than those with smooth surfaces,
which may make them more susceptible to degradation reactions,
such as oxidation.4. Conclusion
By maximizing the AR response and minimizing the responses
of overall color difference, MC and H in the microencapsulation
of jaboticaba extracts with different carriers and drying tempera-
tures, the use of 30% maltodextrin as a carrier agent combined with
the air-drying temperature of 180 C was recommended as a con-
dition of simultaneous optimization.
The use of the desirability function was successful in the opti-
mization of carrier and air-drying temperature for the production
of powdered pigments originating from extracts of jaboticaba peels
with desirable properties for all of the responses.
According to the microstructural analysis of the microspheres
obtained with different carriers, the use of maltodextrin and arabic
gum allowed for the formation of more homogeneous particles,
which is recommended in the spray-drying microencapsulation
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